To test the hypothesis that under restricted and surfeit protein intake the mammary gland undergoes adaptive regulation, changes in mammary tissue mRNA abundance of cationic amino acid (AA) transporter (CAT)-1, CAT-2B, alanine/serine/ cysteine/threonine transporter 1 (ASCT1), and broad specificity transporter for neutral and cationic AA (ATB 0,+ ), and CAT-1 protein abundance were investigated at 2 stages of lactation. Eighteen sows were allocated to a 2 3 3 randomized incomplete block design with 2 stages of lactation (early and peak) and 3 protein levels: deficient (D), adequate (A), or in excess (E) of lactation requirement. In early lactation, compared with A, sows fed E had lower (P = 0.05) piglet growth rate and sows fed D or E had lower (P # 0.05) casein yield. In early lactation, piglet growth rate and milk protein and casein yield increased from D to A and decreased from A to E (quadratic, P = 0.095, P , 0.05, and P , 0.01, respectively). Protein intake did not affect CAT-1, ASCT1, ATB 0,+ mRNA abundance, or CAT-1 protein level. Overall, CAT-2B mRNA abundance decreased linearly with increasing protein intake (P , 0.05). Compared with A, E decreased CAT-2B mRNA abundance (P , 0.05). Compared with early lactation, peak lactation did not increase CAT-1 mRNA abundance or relative CAT-1 protein content, but increased abundance of ASCT1 and ATB 0,+ mRNA (P , 0.01). Mammary CAT-2B appears to be adaptively regulated in vivo at the transcription level, whereas ASCT1 and ATB 0,+ mRNA abundances are associated only with stage of lactation. Neither protein intake nor stage of lactation affects porcine mammary CAT-1 gene expression in vivo.
Introduction
Milk yield and composition are factors limiting neonatal growth (1) . Despite the fundamental importance of milk protein in sustaining growth of the neonate (2) , an understanding of processes involved in the transport of amino acids (AA) 6 across the blood-mammary gland interface is lacking. The porcine mammary gland has the highest need for AA compared with other organs (3) and thus represents a unique model of AA supply and demand at very high rates of AA utilization for protein synthesis (4) . Milk demand constitutes a driving force for milk protein synthesis (5) (6) (7) . Dietary AA supply to the dam below the requirement level depresses milk protein yield and subsequent neonatal pig growth (8) . Likewise, excessive dietary AA supply to the dam depresses piglet growth and does so to a greater extent than that of dietary AA deficiency (9, 10) . These changes are accompanied by what seems to be some adaptive mechanisms whereby the mammary gland modulates the extraction rates of circulating AA in response to dietary AA availability, on one hand in an attempt to meet the need of milk protein demand but on the other hand to limit the unnecessary uptake of certain AA (8, 11) .
It is well documented that AA are transported across the basolateral cell membrane by a large number of transport systems with distinct molecular and functional characteristics (12) . However, the molecular entities of the transport systems associated with changes in mammary AA uptake in response to diet and neonatal growth are unknown. In many tissues, AA transporters act as nutrient sensors and respond to AA availability by initiating signaling cascades that promote cell survival (13) . For instance, neutral alanine/serine/cysteine/threonine transporter-1 (ASCT1) and transporters of the cationic AA transporter (CAT) family appear to be adaptively regulated with increased uptake activity and expression in conditions of limited AA availability (13) (14) (15) . In mammary tissue explants, conditions of surfeit AA depress uptakes of lysine via the Na + -independent y + transport system (16) and of valine (17) , alanine (18) , glycine (19) , and other AA (20) . Both CAT-1 and CAT-2 are wellcharacterized molecular entities of the Na + -independent y + transport system and specific for transport of cationic AA. In addition to the y + system, transport of cationic AA is shared with neutral hydrophobic AA through the Na + and Cl 2 -dependent AA transporter with broad (B) specificity for neutral (0) and cationic (+) AA (ATB 0,+ ). Of nutritional interest is the transport of threonine carried across cell membranes with high specificity via the Na + -dependent AA transport system ASC, named after its preferred substrates alanine, serine, and cysteine (21) . System ASC is comprised of transporters ASCT1 and ASCT2, with substrate specificity also for the branched-chain AA in mammary tissue (22) .
Determining whether or not these AA transporters in the mammary gland are adaptively regulated in vivo may provide some initial understanding of the mechanisms defining the global efficiency of AA utilization. We have identified transcripts encoding for the transport proteins CAT-1, CAT-2B, ASCT1, and ATB 0,+ in mammary tissue of lactating sows (23) . To test the hypothesis that under conditions of restricted or surfeit protein intake the mammary gland differentially expresses CAT-1, CAT-2B, ASCT1, and ATB 0,+ , we investigated changes in AA transporter mRNA and CAT-1 protein expression at 2 distinct stages of lactation in a sow lactation model.
Materials and Methods
Animals, experimental design, and diets. Eighteen sows were allocated to a 2 3 3 randomized incomplete block design consisting of 2 stages of lactation (early and peak) and 3 dietary crude protein (CP) concentrations. Sows were housed in a thermally controlled room (208C) and randomly allocated to 1 of 3 diets 1 wk prior to the expected parturition date. Diets were formulated to contain 120 (deficient, D), 180 (adequate, A), and 240 g CP × kg 21 diet (excess, E) for a targeted CP intake meeting 77, 116, and 157%, respectively, of lysine required for supporting nursing pig growth rate of 225 g × d 21 (24) ( Table 1 ). The ratio of each AA:lysine was the same in all diets.
Within 36 h of birth, litters were equalized to 8 piglets. On d 1, 2, and 3 of lactation, sows received 2, 4, and 6 kg diet, respectively. On d 4 and thereafter until weaning (d 18), sows fed E consumed feed ad libitum and sows fed A and D were pair-fed to individual sows fed E. Feed intake was recorded daily. Piglets were weighed individually on d 1, 4, and 18 and milk yield estimated according to Noblet and Etienne (25) . All procedures were approved by the All-University Committee on Animal Use and Care of Michigan State University (AUF#11/02-161-00).
Dietary nutrient analysis. Feed samples were finely ground (Cyclotec 1093, Foss Tecator). Nitrogen was analyzed by thermal conductance following sample combustion (FP-2000, LECO). Starch content was determined as described by Karkalas (26) . AA concentrations were analyzed by reverse-phase HPLC (Alliance 2690, Waters) (27) .
Mammary tissue collection. Mammary tissue was biopsied between d 3 and 6 (d 4 or early) and d 17 and 19 (d 18 or peak) of lactation, from the first and second thoracic mammary glands, respectively, as described by Kirkwood et al. (28) . Mammary tissue was obtained 120 min postfeeding of a 2-kg meal and immediately after completion of a nursing bout. Tissue was rapidly frozen in liquid N 2 and stored at 2808C. For immunohistochemistry, tissue (~0.5 g) was immediately transferred in 10% buffered formalin and incubated for 16 h at 48C. The tissue was then rinsed in PBS and stored in 70% ethanol at 48C.
Blood collection and analyses. To avoid restraining the sows and thus minimizing stress on both sows and piglets, blood samples were collected from sows via an ear vein while at rest under residual sedation following mammary biopsy. Samples (7 mL) were collected on EDTA (0.147 mL of 75 g EDTA/L) (Becton Dickinson), immediately centrifuged, and individual plasma samples stored at 2208C. Free plasma AA concentrations were determined as previously described (27) . Plasma glucose concentration was determined using a glucose oxidase method (Wako Diagnostics, Wako Chemicals).
Milk collection and analyses. Approximately 30 mL of milk was collected 1 d before the biopsy (28) and immediately analyzed for fat and lactose (8) . A 15-mL milk aliquot was stored at 2208C for later analysis of N and free AA. For free AA analysis in milk, milk was defatted as described by Guan et al. (8) . A 1-mL defatted milk aliquot was precipitated with trifluoroacetic acid (98%):methanol (1:10) followed by centrifugation at 5000 3 g for 10 min and the supernatant was used for determination of free AA concentrations as previously described (27) . Total N in defatted milk was determined as described for feed and CP concentration reported as N 3 6.38. Casein concentration and casein-N in defatted milk was determined as described by Guan et al. (29) .
RNA isolation and cDNA synthesis. Total RNA was isolated from mammary tissue and purified as described in Weber et al. (30) . The quantity and quality of RNA were estimated by UV spectrophotometry (model DU-650, Beckman) and electrophoresis on 1.2% agarose gels, respectively (30) (31) (32) . RNA was considered to be undegraded and a template suitable for real-time RT-PCR based on visual inspection of the agarose gels for the appearance of distinct and sharp18S and 28S ribosomal bands. Next, RNA (1 mg) was converted to cDNA and cDNA concentration measured as previously described (33, 34) . determined using the standard curve method for real-time RT-PCR as previously described (35) . Primers for development of the standard curves and for real-time RT-PCR were designed using Primer Express (PE ABI) (Supplemental Table 1 ). Primers for ASCT1 and ATB 0,+ were initially designed from the published human ATB 0,+ (GenBank accession no. AF151978) and human ASCT1 (GenBank accession nos. L14595 and L19444) cDNA sequences. Subsequently, porcine cDNA were amplified, sequenced, and the porcine sequence deposited in GenBank (Accession nos. AY375265 and AY375264, respectively) (23). Standards for each AA transporter were developed using these primers and our cloned AA transporters cDNAs as templates (23) . Triplicates of each standard were included on each assay plate along with experimental samples. In this standard curve method, cycles to threshold (Ct) were regressed against the known cDNA concentrations and the resulting linear equation used to compute the actual amount of transcript in fg/ng of starting cDNA. Quantitative RT-PCR was conducted in 96-well optical plates (Perkin Elmer) using triplicate 2 mL (25 ng) of starting cDNA for each reaction. For the quantitative RT-PCR assays, cDNA templates were combined with SYBR green dye mix (Perkin Elmer) and quantitative RT-PCR conducted as recommended by the manufacturer. Three wells per plate had all reagents added except cDNA template to serve as negative controls. All analyses were conducted using a DNA sequence detection system (PE 7700 Perkin Elmer). Abundance data of the cDNA for triplicate samples were recorded automatically by the instrument software as Ct based on threshold lines adjusted to intersect PCR amplification lines in the linear portion of the amplification standard curves. The housekeeping gene b-actin was not used to normalize the data, because its abundance varied between stages of lactation (data not shown). Thus, for each test amplification reaction, CAT-1, CAT-2B, ASCT1, and ATB 0,+ mRNA were calculated from the respective AA transporter standard curve and normalized against starting the cDNA concentration to account for differences between individual samples in RNA loading and cDNA synthesis efficiency.
Protein isolation and quantification. Total protein was isolated from mammary tissue using the procedure described by Krotova et al. (36) with modifications. Briefly, mammary tissue (30-45 mg) was pulverized in liquid N 2 and transferred in 1 mL chilled lysis buffer (10 mmol/L Tris, pH 7.5; 100 mmol/L NaCl; 1 mmol/L EDTA; 1 mmol/L EGTA; 1% Nonidet P-40; 0.4% deoxycholate; 60 mmol/L octylglucoside) per 10 mg of tissue and homogenized at medium speed with a tissue homogenizer (PT 10-35 Brinkmann Instruments). Samples were then centrifuged at 20,000 3 g for 30 min and the supernatant collected. Samples were centrifuged a second time at 13,000 3 g for 10 min and the supernatant collected and pooled with the first supernatant. The protein concentration was determined using a modified Lowry assay (RC DC Protein Assay, Bio-Rad Laboratories).
Antibodies. A rabbit polyclonal anti-human CAT-1 antibody and preimmune serum were donated by Dr. E. R. Block (Malcom Randall VA Medical Center, Gainesville, Florida). This antibody recognizes the 4th extracellular domain of the human CAT- Krotova et al. (36) . The secondary antibody used was a commercially available donkey anti-rabbit horseradish peroxidase (HRP)-conjugated antibody (Amersham Biosciences UK).
Western blot analysis. Protein samples (~100-150 mg) were denatured and 60 mg separated by 1-dimensional SDS-PAGE on a 10% Tris-HCl Ready Gel (Bio-Rad Laboratories) and transferred to nitrocellulose membranes (Bio-Rad Laboratories). Membranes were stripped of antibody by incubating at 508C and shaking for 30 min in stripping buffer (40 mL 10% SDS, 12.5 mL 1 mol/L Tris-HCl, pH = 6.8, 1.4 mL b-mercaptoethanol, 146.1 mL HPLC H 2 O). Membranes were washed twice with 13 Tris-buffered saline Tween-20 and reblocked for 50 min. Following stripping, membranes were blotted overnight at 48C with either the anti-CAT-1 antibody (1:3000 dilution) or without a primary antibody. All membranes were incubated for 1 h at room temperature with our HRP-conjugated secondary antibody (1:2500 dilution). Expressed CAT-1 was detected using an ultra sensitive HRP detection system (femtoLucent PLUS-HRP Reagent kit, Geno Technology). The density of the band was quantified using a scanning densitometer (BioRad GS-700 Imaging Densitometer, Bio-Rad Laboratories). Uniformity of protein loading was confirmed by staining of the blots with Ponceau S staining (Sigma) as described previously (37) .
Immunohistochemistry analysis. Mammary tissue from 3 lactating sows fed the A diet at d 17 of lactation was used. Tissues were processed, embedded in paraffin, and sectioned on a rotary microtone at 4 microns. Sections were placed on slides, coated with 3-aminoethylalkylsilane solution (Sigma Chemical), and dried at 568C overnight. The slides were subsequently deparaffinized in xylene and hydrated through descending grades of ethanol to distilled water. Immunohistochemistry analysis was performed using a modified vector protocol (Vectastain Universal Elite ABC kit, Vector Laboratories). Antigen retrieval protocol was performed per the manufacturer's instructions (Citra Antigen Retrieval, Biogenex Laboratories) by the Investigative Histopathology Laboratory, Department of Human Pathology and Physiology at Michigan State University. Slides were incubated with 3% H 2 O 2 in methanol with the purpose of total quenching of endogenous peroxidase activity, rinsed, washed in PBS, and air dried. To prevent nonspecific binding, slides were incubated for 35 min with diluted goat normal blocking serum. Sections were incubated for 60 min with CAT-1 antiserum at 1:300 dilution in normal goat serum or no primary antibody in normal goat serum as a negative control. Slides were washed and incubated for 30 min with biotinylated goat anti-rabbit IgG antibody (HRP-conjugated) at 1:200 and then washed in phosphate saline buffer and ABC reagent prepared as instructed by the manufacturer. Slides were rinsed, washed, and incubated for 30 min with ABC reagent. Slides were mounted and stained with diaminobenzidine tetrahydrochloride peroxidase and staining observed using an optical microscope (Leica Microskopie and Systeme).
Statistical analyses. Differences in lactation performance, plasma AA concentrations, milk composition and yield, RNA, and protein levels were determined by ANOVA. Sources of variation in the full model included sow, diet, stage of lactation, breed (12 Landrace 3 Yorkshire cross and 6 purebred Yorkshire), parity (2-5), and replicate as classification variables, and the 2-way and 3-way interactions of interest. Breed and parity were not significant sources of variation; thus, a reduced model was used for all parameters tested, which included fixed effects of stage of lactation, diet, replicate, and stage of lactation 3 diet interaction. Sow nested within diet 3 replicate was defined as random. All analyses were performed using the MIXED and GLIMMIX procedure of SAS (38, 39) for mRNA abundance and animal performance data, respectively. Least squares mean comparisons between diets within stage of lactation were evaluated using SLICEDIFF option of GLIMMIX along with Tukey adjustments (39) . Relationships between dietary protein intake and response variables were evaluated by linear and quadratic orthogonal contrasts within stage of lactation. Differences and suggestive differences between treatments were considered at P # 0.05 and P # 0.10, respectively. Square root and logarithmic transformations were used to normalize mRNA abundance distribution for CAT-1, ASCT1, and ATB 0,+ and for CAT-2B and milk fat, respectively. Data are presented as back-transformed means on the original scale of measurement. Effects of D or E diets on CAT-1 protein abundance were expressed relative to diet A per individual sows. Abundance of CAT-1 protein at peak lactation was expressed relative to abundance at early lactation per individual sows.
Results
Litter weight gain and milk composition. In the early stage of lactation, the relationship between sow protein intake and piglet daily weight gain tended to be curvilinear, with increasing gain from D-to A-fed sows and decreasing gain from A-to E-fed sows (quadratic, P = 0.095) ( Table 2) . Compared with A-fed sows, E-fed sows had lower piglet daily weight gain (P = 0.05). Piglet daily weight gain did not differ between treatment groups during the peak stage of lactation. Piglet daily gain was higher at the peak compared with the early stage of lactation (P , 0.001). Overall, across both stages of lactation (data not shown), piglet daily gain increased from D-to A-fed sows and decreased from A-to E-fed sows (quadratic, P , 0.05). In early and peak stages of lactation, the relationship between sow protein intake and milk CP percentage was linear (P , 0.05 and P = 0.068, respectively). Milk CP, casein percentage, and casein-N relative to total N did not differ between treatment groups within either stages of lactation. Overall, across both stages of lactation (data not shown), percentages of milk CP and casein were lower in D-compared with A-fed sows (P , 0.05) and casein-N was lower in E-compared with A-fed sows (P , 0.05). Milk CP, casein, and casein-N percentages were lower at peak compared with the early stage of lactation (P , 0.001). In the early stage of lactation only, percentages of milk fat increased and of lactose decreased linearly (P , 0.01) with increasing sow protein intake.
Compared with A-fed sows, milk yield and milk CP yield did not differ within either stage of lactation. In relation to sow protein intake, milk yield and milk CP yield tended to be curvilinear at the peak stage of lactation only, with yield increasing from D-to A-fed sows and decreasing from A-to E-fed sows (quadratic, P = 0.081 and 0.085, respectively). Within both early and peak stages of lactation, relationships between protein intake and casein yields were curvilinear (quadratic at P , 0.01 and P = 0.08, respectively), with increasing yields as protein intake increased from D to A and decreasing yields as protein intake further increased from A to E. Within early stage of lactation, compared with A, casein yield for D and E was lower (P , 0.05). Overall, across both stages of lactation (data not shown), compared with A, milk CP yield of D-fed sows was lower (P , 0.05) and milk casein yield of both D-and E-fed sows was lower (P , 0.05; quadratic, P , 0.05).
Plasma free AA, glucose, and milk free AA concentration. Because the stage of lactation did not affect the majority of plasma indispensable AA (IAA) and dispensable AA (DAA) concentrations and there were no interactions between sow protein intake and stage of lactation, only the main effects of diet are presented. With the exception of histidine, increasing protein intake increased plasma IAA concentrations linearly (P , 0.02 to 0.001, arginine P = 0.11), decreased the majority of plasma DAA concentrations linearly (P , 0.05), and did not affect plasma glucose concentration (Supplemental Table 2 ). The plasma glucose concentration was lower (P , 0.01) at the peak compared with the early stage (data not shown). For the majority of free IAA and DAA, concentrations in milk were not affected by sow protein intake, except for a higher concentration of taurine in sows fed E (linear, P , 0.001 and quadratic, P , 0.04) (Supplemental Table 3 ).
AA transporter mRNA abundance. The R 2 values for all representative standard curves for our candidate genes were .0.98, indicating excellent linear relationships between quantities of serially diluted cDNA and Ct when quantitative RT-PCR was performed (Supplemental Fig. 1 ). The interaction between diet and stage of lactation tended to be significant (P = 0.09) for CAT-2B (Fig. 1) . In early lactation, increasing dietary protein intake linearly decreased (P , 0.01) CAT-2B mRNA abundance; compared with the A-fed group, CAT-2B mRNA abundance was lower (P , 0.01) for sows fed E but did not differ for sows fed D. At peak lactation, CAT-2B mRNA abundance did not differ compared with A-fed sows but overall tended to decrease (linear, P = 0.12) with increasing protein intake. At either stage of lactation, mRNA abundance of CAT-1 (Fig. 2) , ATB 0,+ (Fig. 3) , and ASCT1 (Fig. 4) were unaffected by dietary protein concentrations. The stage of lactation did not affect CAT-2B and CAT-1 mRNA abundance. Overall ATB 0,+ and 1 Data are presented as least squares means during early and peak stages of lactation, n = 6. Labeled means in a row and within stage of lactation with superscripts without a common letter differ, P # 0.05. For sow protein intake in early stage of lactation, D and E compared with A differ at P , 0.07. 2 P-value of linear (L) and quadratic (Q) orthogonal contrasts for diets within stage of lactation and main effect of stage of lactation. 3 Sow feed intake for early and peak stages of lactation was averaged over d 3-5 and d 17-19, respectively. 4 % N 3 6.38. 5 Least squares means are back-transformed from log and SEM is log value.
ASCT1 mRNA abundance was higher at the peak lactation (P , 0.01 and 0.001, respectively) compared with the early stage.
AA transporter protein abundance and cellular localization. The CAT-1 antibody used in this experiment recognized a single band of expected size for the human CAT-1 protein (65 kDa) (Supplemental Fig. 2A) , demonstrating that the CAT-1 protein is expressed in porcine mammary tissue during lactation. No bands were detected when membranes were blotted with the secondary antibody alone (negative control).
Relative abundance of CAT-1 protein did not differ with protein intake or stage of lactation (Supplemental Fig. 2B ,C, respectively). Immunohistochemical analysis of CAT-1 at peak stage of lactation demonstrates expression occurring mostly in epithelial cells with negligible staining in stromal cells and none in fat globules (Supplemental Fig. 3 ).
Discussion
Feeding the D diet led to lower sow plasma IAA concentrations and limited milk casein yield; in contrast, despite higher IAA plasma concentrations in sows fed the E diet, milk casein yield and piglet growth were clearly depressed. There was a clear curvilinear response of casein yield and piglet growth to sow protein intake, with increasing values from D to A and decreasing values from A to E, in particular during the early stage of lactation. Thus, under both conditions of nutritional stress, i.e. D and E protein intake, low milk casein yield appeared to limit piglet growth. Others have reported that excessive dietary AA supply to the dam decreases piglet growth (9,10). We proposed that the mammary gland may express adaptive mechanisms by modulating the extraction rates of circulating AA in response to dietary AA availability. Based on the notion of adaptive regulation of AA transporter genes in vitro, we hypothesized that the mammary gland differentially expresses the transcription level of AA transporter genes under in vivo conditions of restricted and surfeit protein intake. The dietary regulation at the molecular level of cationic AA transport using an in vivo mammary model had not previously been addressed. Adaptive regulation of CAT-1 by AA availability in vitro is well documented (13, (40) (41) (42) (43) . Under nutrient-deficient environments, global protein synthesis decreases and synthesis of vital proteins increases (13) . AA starvation is sensed by an AA response element sequence in the first exon of the CAT-1 gene (41), which stimulates the CAT-1 gene promoter when induced (43) or increases CAT-1 mRNA stability (42) . Both CAT-1 and CAT-2 are important molecular entities of the Na + -independent y + transport system specific for these AA, with CAT-1 reported to be the major contributor to basolateral membrane transport in most cells (44) . Our immunohistochemical analysis demonstrates that CAT-1 protein is expressed in mammary epithelial cell membrane; others have shown the same CAT-1 protein is expressed in porcine arterial endothelial cells (45) . Caseins are synthesized in mammary epithelial cells; however, neither CAT-1 mRNA abundance nor CAT-1 gene expression appear to be related to changes in protein intake or casein yields. In the rat small intestine in vivo, restricted luminal availability of AA also did not alter the mRNA and protein abundance of CAT-1 (15). The degree of adaptive regulation of the CAT-1 gene expression in vitro may require complete starvation of AA and thus protein deficiency at the whole-animal level may be insufficient to affect CAT-1 gene expression. In contrast to CAT-1, CAT-2B appeared to be adaptively regulated, in particular during the early stage of lactation. In other cell types, CAT-2B is induced by cellular stress to increase arginine uptake for NO synthesis in vitro (46) (47) (48) . Extraction rates of lysine and arginine (8) in lactating sows and histidine in lactating goats (11) were higher when animals were fed diets deficient in these AA and decreased with increasing intake. Hence, nutritional stress during lactation may induce adaptive mechanisms whereby the mammary gland on one hand may compensate for lower extracellular AA availability by maximizing net AA uptake and on the other hand may restrict AA entry in the presence of excessive extracellular AA concentrations.
As shown for CAT-1, ASCT1 and ATB 0,+ mRNA abundance remained unaffected by changes in dietary protein intake. As for CAT-1, this response was unexpected, because in vitro, system B 0,+ exhibits adaptive regulation (49-51). The B 0,+ system transports the normal substrates for CAT and ASCT1 (50), with highest affinity for hydrophobic AA (51). Ray et al. (52) reported a 250% increase in enterocyte glutamine uptake by system B 0,+ following treatment with growth hormone. Although ASCT1 transporter functions predominantly as a mediator of neutral AA exchange (53) , it can effectively induce net transport of a particular AA using, as its driving force, the concentration gradient of another AA (54) . Thus, it is conceivable that the inward movement of threonine across the basolateral membrane may be promoted by high intracellular concentration of alanine. In lactating mouse mammary tissue, in vitro starvation increased V max via system ASC, pointing to an increase in transporter protein abundance (55). Howard et al. (15) reported an increase in ASCT1 mRNA abundance in rat small intestine by dietary removal of luminal AA. In the present study, protein deficiency or excess did not modulate ASCT1 mRNA abundance, emphasizing the earlier suggestion that modulation of AA transport at the transcription level may require either severe AA restriction or complete AA starvation. Alternatively, ASCT1 and ATB 0,+ may be regulated at the apical membrane level and thus intestinal and mammary epithelia would be expected to respond differentially to AA availability.
Other cellular mechanisms may be responsible for the phenotypic responses in our study and the in vivo studies cited above. Hurley et al. (16) reported an inhibition of lysine uptake in porcine mammary tissue explants in the presence of high concentrations of arginine, methionine, leucine, alanine, and ornithine. Others (17) demonstrated an inhibition of valine uptake by porcine mammary tissue explants in the presence of methionine, leucine, alanine, and glutamine. Thus, in vivo, the relatively high arterial concentrations of large neutral AA such as the branched-chain AA may affect the transport of cationic and small neutral AA in mammary tissue. In our study, the majority of IAA plasma concentrations nearly doubled (from D to E), reflecting the sows' dietary protein regimen. Albeit the source of blood AA was of auricular origin, concentrations reported were similar to those found in the arterial supply (8) and within range of other published values for jugular plasma AA concentrations in lactating sows (56) .
We report here a strong increase in transporter ASCT1 mRNA abundance at peak lactation and an increase in ATB 0,+ mRNA restricted to sows fed the A diet. These changes, however, were not accompanied by significant increases in milk protein or casein yields or by changes in plasma AA concentrations. Indeed, as mentioned above, these transporters were also not affected by the dietary protein levels fed. In vivo, Nielsen et al. (7) and Guan et al. (8) reported AA arterio-venous differences across the mammary gland increased toward peak lactation. It is likely that stage of lactation modulates AA transport via lactopoeitic factors, such as lactogenic hormones (22) . Also, mammary cell numbers and volume increase with days in lactation (57) and several AA are taken up in excess of milk protein output (7, 8) . Thus, the mammary gland may selectively regulate AA transport destined for mammary tissue growth with advancing lactation.
In the present study, casein yield and neonatal pig growth were affected by dietary protein intake and AA availability to the mammary gland. Of the 4 AA transporters characterized in this study, only CAT-2B responded to changes in AA availability at the transcription level in a pattern suggestive of adaptive regulation. Thus, CAT-2B rather than CAT-1 may play a role in regulating the movement of cationic AA in response to changes in protein concentration. On the other hand, stage of lactation was only associated with changes in ASCT1 and to some extent ATB 0,+ mRNA abundance, indicating that lactopoietic factors other than milk protein synthesis per se upregulate mammary gland neutral AA transporters in vivo. Future studies on the regulation of AA transport in mammary cells during lactation are necessary. It is unknown if mRNA transcription rate or stability were altered by AA availability and stage of lactation and if the observed changes in mRNA abundance translated into changes in transporter protein levels for CAT-2B, ASCT1, and ATB 0,+ . Furthermore, the possibility that these AA transporters in mammary tissue may also be regulated at the post-translational level, such as change in transport affinity as observed in other cell systems (58, 59 ), remains to be investigated. The role of other nutrient transporters such as those of systems A and L, likely coregulated transporters mediating uptake of energy substrates (12) and other known mammalian CAT responsible for system y + L and b 0,+ activities, remain to be evaluated in porcine mammary tissue. Results nonetheless indicate that only 2 of the AA transporters studied herein are differentially regulated by diet and stage of lactation, exemplifying the complexity and the dearth of knowledge about the regulation of these genes in porcine mammary tissue.
